Evidence is presented from cell fractionation and analysis, suggesting that the sites of carotenoid svnthesis and accumulation in l1£ucor hiemalis Wehm. are the dissolved protein fraction and the free and bound lipid fractions, respectively. Quantitative characterization of carotenoids in various fractions indicates that terminal synthesis follows the Porter-Lincoln sequence.
Introduction
Available evidence on carotenoid biosynthesis indicates that a general pathway is utilized in all carotenogenic systems, at least in the primary stages (Jensen 1965) . The sequential dehydrogenation of the colorless Co precurs~rs to the colored carotenes has been extensively studied in the photosynthe ... t":'"ic----........-bacteria (Stanier 1959 ) and appears to follow the Porter-Lincoln sequence, as developed by Porter and Anderson (1962) . The terminal stages of biosynthesis and a proposed cyclization mechanism in the carrot, however, appear to differ from that sequence in the condensation of tJ-carotene directly from an acyclic precursor (Goodwin and Williams 1965) .
Useful data have been obtained from a cell-free system of Phycomyces blakesleeanus (Yokoyama et al. 1962 ) through the study of single steps in synthesis, but it is desirable to develop and extend the technique to other organisms. Precise knowledge of the site of carotenoid synthesis would permit effective concentration of a cell-free system.
The problem of post-synthetic accumulation of carotenoids is unresolved. The discrepancy between results of diphenylamine experiments on Rhodospirillum rubrum (Stanier 1959) and Phycomyces blakesleeanus (Goodwin et al. 1953; Varma et al. 1959) has been explained on the basis of the availability of carotenoids to further enzymic transformation (Stanier 1959) . This explanation suffers from the facts that the yellow droplets observed in mycelium of P. blakesleeanus have never been demonstrated to be lipids with dissolved carotenes, and that the synthesizing enzyme system has not yet been located. The following experiments attempt to do so.
I ntracellular Location of Carotene
Large amounts of ilf. hiemalis minus strain (obtained from the CBS, Baarn) were grown at 25°C on a glucose-asparagine-salts medium in shake culture in large medicine bottles. All further operations were carried out below 4 0c. Four-day-old cultures were filtered under suction, rinsed with distilled water, and ground for 10 min with acid-washed sand in 0.2 M Tris buffer.
During grinding, a pool of yellow material which proved to be lipids (see below) rich in {3-carotene, gathered on the surface of the brei. Similar lipid pools were formed on the surfaces of centrifuge tubes during fractionation. These were all collected for analysis.
All vessels used were rinsed with distilled water and then with acetone, the rinsings being retained for analysis with the brei and the lipid fractions respectively.
The brei was centrifuged at 4000 g for 10 min to remove the cell debris and sand. The dry weight of the cell debris was determined by the difference between before and after ignition.
The supernatant was first centrifuged at 20,000 g to remove the mitochondrial fraction, then extracted with three serial portions of hexane to remove remaining loosely bound lipids. It was finally saturated with aluminium sulfate and boiled to precipitate the soluble proteins, the clear supernatant being discarded. The {3-carotene content of each fraction was characterized and estimated spectrophotometrically after extraction with acetone and transfer to hexane.
The two lipid fractions, free and hexane-extractable, were characterized by their solubility and staining properties (Hawk et al. 1951) . Both fractions were insoluble in water or cold ethanol, soluble in boiling ethanol, benzene, chloroform, diethyl ether, hexane, and acetone. Both stained with Sudan III which could not be removed with glycerol.
As seen in Table I , the {3-carotene was located predominantly in the two lipid fractions, but a small amount was strongly associated with soluble proteins and not extractable with hexane.
Characterization of Carotenoids in Cell Fractions
Acetone extracts of each fraction were transferred to hexane, saponified, chromatographed on alumina or calcium hydroxide, and examined spectrophotometrically. Characterization of carotenoids was based on chromatographic and spectrophotometric behavior after Garton et al. (1951) and Zechmeister and Sandoval (1946) . The great majority of the carotenoids present was in the free lipid fraction (Table II) . {3-carotene was the predominant carotenoid in every fraction and a-carotene and phytofluene were detected in every fraction. Traces of lycopene and r-carotene were found in the protein fraction. The ratio of {3-to a-carotene concentrations increased from 14.5: 1 in the protein through 17.5: 1 in the hexane-extractable lipid to 18: 1 in the free lipid fraction.
The ratio of {3-carotene to phytofluene concentrations, on the other hand, increased from 3: 1 in the protein to 75: 1 in the hexane-extractable lipid. In the free lipid fractions only a trace of phytofluene was found.
Discussion
The relative amounts of {3-carotene in various cell fractions indicate that the synthetic enzyme system is located in the dissolved proteins and not on the mitochondria; and suggest that post-synthetic accumulation passes rapidly through the hexane-extractable, protein-associated lipids to the free lipid pool. Thus attempts to prepare a cell-free synthesizing system from M. hiemalis should concentrate the dissolved protein and lipoprotein fraction only.
If it is accepted that quantitative distribution constitutes evidence for sites of synthesis, then the characterizations of carotenoids in various fractions are evidence of the synthetic pathway. Phytofluene is probably the major precursor, being found almost entirely in the protein fraction. The traces of lycopene and r-carotene also present in this fraction suggest that these may be intermediates in final synthesis. Likewise, the increasing proportion of {3-to a-carotene through the protein, bound lipid, and free lipid fractions, representing sites of advancing synthesis and accumulation, suggests that {3-carotene might be synthesized from a-carotene.
These suggestions all conform to the Porter-Lincoln sequence, and extend evidence of its general applicability.
